INTRODUCTION
The c-met protein tyrosine kinase receptor is expressed in the membranes of a variety of epithelial cells. Activation of c-met by its associated ligand, hepatocyte growth factor (HGF), is associated with pleiotropic functions that are determined by the type, developmental/differentiative stage, and transformation/ nontransformation state of the receptor bearing target cells. Responses to c-met stimulation by HGF include induction of epithelial cell motility, proliferation, and morphogenesis into tubular structures [1] [2] [3] [4] [5] [6] [7] . Certain c-met-regulated cellular functions have been linked to the activation of particular postreceptor signal transduction pathways initiated by the differential recruitment of substrate molecules to phosphotyrosylated segments in the C-terminal intracytoplasmic domain of the receptor molecule. For example, cell scattering is signaled through PI3 kinase and Rac activation and proliferation through the Ras-MAP kinase signaling cascade [5, 8] . Recently, STAT has been shown to be a critical mediator of tubular morphogenesis [9] . Src has also been shown to bind to the activated c-met receptor. This interaction is mediated by association of the SH2 domain of src with a phosphotyrosylated segment of c-met. Formation of the transient receptor-src complex both stimulates the phosphorylating activity of the cytoplasmic tyrosine kinase and brings the enzyme into proximity with downstream c-met-linked substrate molecules. As a result of recruitment of src by the membrane-bound receptor, stimulation/modulation of downstream pathways is likely to be amplified.
As with many receptors for growth factors, there are a number of types of polarized epithelial cells in which c-met has been found to be expressed almost exclusively in the basolateral domain of plasma membranes [10, 11] . From a physiological perspective, this pattern of expression is consistent with the paracrine stimulation by HGF molecules that are secreted from mesenchymal cells which are located in close proximity. Despite these findings, by immunocytochemical staining, c-met has also been detected in the apical domain of membranes in the intestinal epithelium of rodents and in some tumors and epithelial cell lines [12] [13] [14] . A putative role for c-met expressed in brush border membranes of enterocytes during differentiation/development has not yet been identified. As a corollary, molecules that are components of c-met-driven signal transduction cascades in the luminal membranes of these cells remain unknown.
gtk is a recently identified src-related kinase [15, 16] which is highly expressed in the brush border membranes of the small intestine. It is also expressed in other polarized epithelial cells, including those in colon, stomach, liver, pancreas, and kidney. During development, the appearance of this kinase in the luminal membranes of enterocytes coincides with cytodifferentiation from a stratified to a polarized epithelium. The precise role of gtk in growth factor signaling pathways of differentiating enterocytes and other polarized epithelial cells remains to be determined. In this study, we show by confocal and immunoelectron microscopic analysis that gtk and c-met are localized in the microvilli of enterocytes in proximity to one another. Both in nontransfected primary liver cells and in NIH 3T3 cells cotransfected with expression vectors which encode c-met and gtk, rHGF/SF induces gtk kinase activity. Furthermore, a complex containing both molecules can be immunoprecipitated from the double transfectants after in vivo cross-linking with a homo-bifunctional cross-linker. These results suggest that gtk plays a role in c-met-linked activation of growth/ differentiation pathways in the apical membranes of some types of epithelial cells.
MATERIALS AND METHODS
Cell lines, transfections, and rHGF. A clone of NIH 3T3 cells stably transfected with c-met expression vector NIH 3T3/c-met [17] was kindly provided by Dr. G. Vande Woude (NCI, Frederick, MD). These cells were stably transfected by electroporation with pJS55/ gtk, a gtk expression vector containing the full-length wild-type open-reading frame of gtk cloned into pJS55 [15] , and 3ЈSS (Stratagene), a plasmid that confers resistance to hygromycin. Electroporation of the plasmids at 950 F and 0.25 kV/cm was performed with a Bio-Rad gene pulser (Bio-Rad, CA). The stably transfected clones were pooled and expanded. Prior to stimulation with rHGF, the cells were grown in serum-free Dulbecco's modified medium (DMEM, Life technologies, MD) containing heat-inactivated 0.1% BSA. Nontransfected NIH 3T3 cells were obtained from ATCC (MD) and NIH 3T3 cells stably transfected with a mouse c-met expression vector were kindly provided by Dr. G. Vande Woude. rHGF (90% two-chain form) was kindly provided by R. Schwall (Genentech, CA). NK1, a partial antagonist of HGF [18] , was kindly provided by R. Schwall.
Antibodies. Rabbit polyclonal SP-260 antibodies raised against c-met [17] were kindly provided by Dr. G. Vande Woude or obtained commercially (Santa Cruz, CA). D1 monoclonal IgG2 antibodies were from a panel of monoclonal antibodies raised against c-met which were produced in mice immunized with NIH 3T3/c-met cells [19] . W-38 polyclonal anti-gtk antibodies were used to immunoprecipitate the kinase and probe Western blots [15] . Anti-E-cadherin (Transduction Labs, KY) and anti-actin (Amersham, IL) antibodies were obtained commercially. H23 monoclonal antibodies were used to detect mucin [20] .
Confocal microscopic analysis of intestinal cells and tissue. Intestinal epithelial cells were isolated and applied to slides as previously described [15] . After rinsing small intestines that were excised from freshly sacrificed 28-day-old male Sprague-Dawley rats with D-PBS, jejunal segments were immersed in OCT compound and frozen in a dry ice/isopentane mixture. Five-micrometer longitudinal sections of intestinal tissue were then cut in a cryostat microtome, picked on slides, and fixed in 1% formaldehyde-PBS. After preabsorption of the isolated cells and tissue sections with normal goat sera, the samples were probed with an admixture of W-38 (anti-gtk) and D1 (anti-cmet) antibodies. To detect antigen-specific primary antibody binding, a mixture of goat anti-rabbit and anti-mouse F(abЈ)2 fragments linked to fluorescein and rhodamine fluorescent tags, respectively, was applied to the samples [14] . Cells and tissues were examined using a Zeiss LSM 310 confocal microscope fitted with a confocal laser scanner [14, 21] . Computer imaging of single and double immunofluorescent colors was performed, as previously described [14, 19] .
Immunogold electron microscopic analysis. Intestinal sections and isolated intestinal cells were fixed with 4% paraformaldehyde-2.5% glutaraldehyde in D-PBS for 2 h, washed with D-PBS, and then treated with OsO 4 for 1 h at 4°C. Cells were again washed with D-PBS, dehydrated with acetone, embedded in Epon 812, and polymerized at 60°C. Semithin serial sections were cut, preabsorbed with 1% BSA, and then probed for c-met, mucin, or gtk with D1, H23 [19, 22] , and W-38 antibodies, respectively. The bound mouse monoclonal and rabbit antibodies were selectively detected with anti-mouse IgG and anti-rabbit IgG F(abЈ)2 fragments linked to 10-and 5-nm colloidal gold particles, respectively [14, 22] .
Cross-linking of c-met and gtk by dimethyl-3,3Ј-dithiobispropionimidate (DTBP)
. c-met and gtk singly or double transfected NIH 3T3 cells were stimulated with rHGF (20 ng/ml) for 10 min followed by cross-linking with 0.5 mg/ml DTBP in cross-linking buffer (138 mM NaCl, 2.9 mM KCl, 0.5 mM MgCl 2 , 12 mM NaHCO 3 , 0.3 mM NaH 2 PO4, 10 mM Hepes, pH 8.2, 1 mM PMSF, and 1 mM vanadate). Cells were shook at room temperature for 30 min and the reactions were quenched by adding 1 M Tris to achieve a final concentration of 50 mM. To analyze the enzymatic activities of gtk and c-met, the cells were lysed in RIPA buffer and in vitro kinase assays were performed [15] .
In vitro kinase and Western blotting analysis. Gtk, actin, and E-cadherin protein levels were measured in extracts of cells or tissues lysed in RIPA buffer, as previously described [15] . Briefly, Western blots of electrophoretically separated whole cell extracts that had been standardized for total protein content (Bio-Rad DC reagent, Bio-Rad) were preabsorbed with 5% Carnation milk or 2% BSA and probed with W-38, actin, and E-cadherin antibodies. Antibody binding was measured by enhanced chemiluminescence after application of horseradish peroxidase-conjugated secondary antibodies to the blots and treatment with the chemiluminescent substrates (Amersham, IL). Enzymatic levels of gtk and c-met in cellular extracts that had been standardized for total protein content were measured by immunoprecipitation with W-38 and SP-260 antibodies, respectively. Products of autophosphorylation reactions of the immunoprecipitated proteins performed in the presence of 10 Ci of [␥-
32 P]ATP were separated electrophoretically on 7.5% polyacrylamide gels and detected autoradiographically.
Isolation and in vitro stimulation of rat hepatocytes with rHGF.
Approval to perform these experiments was obtained from the Georgetown University Animal Care and Use Committee. Rat hepatocytes were isolated, as previously described [23] . Briefly, 200 -225g, 28-day-old ACI strain male rats were anesthetized with nembutal. After exposure of the abdominal contents, the portal vein was perfused with 0.05% collagenase IV (Sigma, St. Louis, MO). The livers were then excised and the hepatocytes were released after mincing and incubation at 37°C in media containing 0.05% collagenase IV for 15 min. The cells were washed in William's E medium, stimulated in the presence of 20 ng/ml rHGF for various periods of time at 37°C, and then lysed in RIPA buffer. Extracts that were standardized for total protein content were then assayed for gtk and c-met enzymatic activities, and E-cadherin protein levels, as described above.
RESULTS

c-met and gtk Are Colocalized at Some Sites in the Brush Border Membranes of Small Intestinal Cells
Previously, immunohistochemical probing with SP260 rabbit polyclonal antibodies raised against a C-terminal peptide of c-met revealed expression of the receptor in brush border membranes of rodent enterocytes [14] . In contrast to this finding, other reports have revealed that c-met is predominantly expressed in the basolateral membrane domains of human gut cells and a variety of other polarized epithelial cells [10, 11, 24] . Immunofluorescent staining of mouse intestinal tissue was performed using D1 monoclonal antibodies that selectively bind c-met [19] . These antibodies selectively immunoprecipitate the 145-kDa form of c-met from extracts of human cells (data not shown). Moreover, the antibodies are effective probes in the histochemical detection of the mouse receptor protein produced by a transfected c-met expression vector, which is virtually identical to the rat form ( Fig. 1 ). Although confocal light microscopic analysis of longitudinal sections of the small intestine revealed a diffuse pattern of c-met expression in basolateral membranes of the enterocytes lining the entire crypt villus axes, a pronounced granular pattern of staining was also observed in the brush border membranes. The detection of apical c-met expression was not affected by prior saturation of the tissue with preimmune sera, in order to block possible nonspecific or Fc receptor antibody binding sites. Rat intestinal sections stained with D1 monoclonal antibodies which bind c-met were detected with goat anti-mouse F(abЈ)2 fragments linked to a rhodamine fluorescent tag (Fig. 2) . The same intestinal sections were simultaneously probed with W-38 polyclonal antibodies raised against the unique N-terminal domain of gtk [15] . Binding of anti-gtk antibodies was selectively detected with F(abЈ)2 fragments linked to a fluorescein tag. In the case of c-met, both granular staining of enterocyte brush border membranes and low levels of diffuse staining on basolateral membranes were observed. In the same tissue, robust expression of gtk was detected in the enterocyte brush border membranes. Close proximity of the receptor and srcrelated kinase in the apical membranes of cells lining the entire crypt villus axis was revealed by the superimposition of the red and green fluorescent signals (indicators of c-met and gtk, respectively), yielding a patchy rim of yellow fluorescence (Fig. 2) .
To determine with greater precision where c-met and gtk are located in enterocytes and whether they are overlapping within ultrastructurally defined portions of the brush borders, immunoelectron microscopic analysis was performed. Mouse monoclonal IgG antibodies which bind c-met and mucin, respectively, (D1 and H23) and rabbit polyclonal antibodies which bind gtk (W-38) were used to probe the cellular sites of expression of these proteins. The binding of monoclonal and rabbit polyclonal antibodies was detected by anti-mouse and anti-rabbit F(abЈ)2 fragments, respectively, each linked to gold colloid particles of a distinct diameter. Probing with monoclonal antibodies which detect mucin, expression of the glycoprotein was restricted to the cytoplasm of cells and was absent in the plasma membranes of epithelial cells (data not shown). In contrast, c-met was detected in clusters at scattered sites in the brush border regions. These included expression in both proximal and distal microvillar membranes and in the terminal webs (Figs. 3A, 3B, and 3D ). The receptor was also occasionally detected in the basolateral plasma membranes. Both diffuse and clustered gtk expression was detected in microvillar membranes. 
FIG. 3-Continued
In contrast, expression of the src-related kinase in membranes at cell-cell and cell-matrix boundaries was virtually absent (Fig. 3C) . The clustering of antibodies that bind c-met and gtk at sites in the microvillar membranes revealed that neither protein is homogenously distributed, possibly reflecting effects of glutaraldehyde fixation and the ultrathin sectioning that was performed in the tissue. Nonetheless, at some locations topographically overlapping foci of expression of c-met and gtk was observed (Figs. 3A  and 3B) . Similarly, sites of colocalization of the receptor and cytoplasmic kinase were observed in isolated small intestinal epithelial cells (data not shown). 
Complexes of c-met and gtk Demonstrated by Cross-Linking with DTBP
Apical localization of c-met and gtk at certain membrane sites and activation of gtk by rHGF prompted an analysis to determine whether these molecules physically associate. In [
35 S]methionine-radiolabeled extracts of cells cotransfected with expression vectors which encode gtk and c-met, c-met was not coprecipitated with anti-gtk antibodies and gtk was not coprecipitated with anti-c-met antibodies (data not shown). Because the SH2 domain of src specifically binds to a phosphotyrosylated residue in the intracytoplasmic domain of c-met (Y1356) with a K D of 0.2-1 M [25], the half-life of c-met-src complexes isolated by immunoprecipitation is predicted to be evanescent [25, 26] . Based on the likelihood of a similar type of molecular interaction between c-met and gtk, it is probable that the affinity between these molecules is low. To capture transient weak binding the proteins were cross-linked in vivo by exposing cells to DTBP, a bifunctional crosslinking agent which is reversible when treated with a reducing agent. After immunoprecipitation of crosslinked proteins from cells cotransfected with both gtk and c-met expression vectors with anti-met antibodies, in vitro kinase analysis of the components of the isolated complexes released under reducing conditions revealed the presence of both c-met and gtk (Fig. 4) . As predicted, the 58-kDa gtk autophosphorylated form was absent in the c-met-containing DTBP cross-linked complexes that were isolated from cells which were singly transfected with a c-met expression vector.
Stimulation of gtk by HGF/c-met
The proximity of "patches" of c-met receptor expression and expression of gtk at some sites in microvillar membranes and the terminal web of enterocytes suggested that these molecules are located within a physical range that enables them to associate. Thus, gtk might act as a component of a signaling cascade that is linked to the activation of c-met. To determine whether gtk kinase activity can be linked to ligand stimulation of c-met receptor pathway(s), 3T3 cells which were stably cotransfected with rodent c-met and gtk expression vectors were analyzed for responses of the protein kinase activities to serum starvation and restimulation by rHGF (Fig. 5) . Under normal growth conditions, the doubly transfected 3T3 cells expressed easily measurable levels of both c-met and gtk kinase activities, measured in vitro, after immunoprecipitation of each protein. Over a time course of serum starvation, the postconfluent transfectants manifested a progressive reduction in gtk kinase activity (Fig. 5A) . This drop in enzyme activity correlated with a reduction in levels of gtk protein, as measured by Western blotting (data not shown).
With low levels of basal kinase activity induced by these growth conditions, it was possible to detect responses to stimulatory influences on gtk. Within 10 min of ligand stimulation of the starved cells with rHGF, there were significant increases in the autophosphorylation activities of both gtk and c-met (Fig.  5B) which were blocked by NK1, a competitive partial antagonist of HGF [18, 27] (Fig. 5C ). Not surprisingly, the rapid rise in gtk kinase activity was not accompanied by an increase in protein levels, as measured by Western blotting, demonstrating that the c-met-associated ligand directly enhances the specific activity of this enzyme. Similarly, after serum starvation, confluent MDCK cells transfected with a gtk expression vector manifest a reduction of gtk kinase activity (data not shown). Upon stimulation of the polarized monolayer of cells with rHGF for 10 min, there was a fourfold increase in gtk kinase activity. Thus, HGF stimulates the enzymatic activity of gtk in MDCK cells, a cell line which endogenously produces c-met. In contrast, EGF treatment of MDCK cells, which also express the EGFR endogenously, did not result in significant stimulation of gtk (data not shown).
Isolated intestinal cells rapidly lose their viability. Thus, although they contain high levels of gtk, it has been difficult to study their regulatory pathways in cell culture. Previously, a tissue survey revealed that rat liver expresses significant levels of gtk mRNA [16] . Moreover, by immunofluorescent analysis, gtk is expressed in resting hepatocytes (data not shown). Not surprisingly, analysis of immunoprecipitated proteins of both rat liver and kidney revealed the presence of significant gtk kinase activity in both tissues, albeit at lower levels than those expressed in small intestinal tissue (data not shown). Isolated hepatocytes are induced to divide by HGF [28] . In addition, regenerating hepatocytes are strongly stimulated to proliferate by HGF, in vivo [29, 30] . To analyze the effect of HGF on endogenously synthesized gtk in hepatocytes, cells were isolated by in vivo collagenase perfusion and stimulated with HGF/SF, in vitro. After 10 min of stimulation, a threefold increase in gtk kinase activity was observed, which disappeared after 60 min (Fig. 6 ). This coincided with a rise in the levels of in vitro phosphorylation of c-met. In contrast, E-cadherin protein levels remained constant.
DISCUSSION
In this study, c-met and gtk were detected by confocal immunomicroscopy on apical membranes of enterocytes. Immunoelectron microscopy revealed that ex- pression of the c-met receptor in brush border membranes occurs in distinct "patches" on microvilli. Previous reports of localization of c-met in epithelial cells are inconsistent. Both in polarized MDCK cells and in human intestinal cells, the receptor has been shown to be heavily distributed to basolateral membranes with negligible or low levels detected in the apical domains [10, 11, 31] . In contrast, the HGF receptor has been detected in the luminal membranes of rodent intestine and a number of carcinomas, including those of the pancreas and biliary tree [12-14, 22, 32-34] . That a proportion of c-met molecules are detectable in the apical membranes of some rat intestinal cells may reflect a species difference between rodent and human gut cells. It is possible that differences in the levels of epithelial cytodifferentiation or the states of the analyzed organs may underlie this discrepancy. Whether the pool of apical receptors in enterocytes represents molecules which have migrated or transcytosed from basolateral membranes or directly traffic to the microvilli after processing in the trans-Golgi remains to be investigated.
Paradoxically, although c-met is located in the basolateral membranes of differentiated MDCK cells, when stimulated by HGF, an alteration of the state of cellular polarization has been observed to coincide with a redistribution of E-cadherin and ␤-catenin from basolateral to apical membranes [35] . This change in membrane expression is accompanied by a well-characterized reduction in cell-cell adhesion and a cellular migratory response. Therefore, the absolute distribution of certain membrane proteins in polarized epithelial cells may fluctuate, depending on shifting levels of local cytokines and other immediate growth/differentiation signals. Obviously, at both extremes of states of cellular polarization (fully polarized vs nonpolarized states) changes in the distribution of many proteins in the plasma membranes are dramatic, since the cellular boundaries marked by the tight junctional belts are either complete or absent. Do intermediate or transient states exist where selective/partial redistribution of membrane molecules in polarized enterocytes occurs? Even small differences in the distribution of membrane molecules might reflect shifts in the equilibrium of overlapping but disparate functions performed by intestinal epithelial cells over their life span (e.g., increasing cytodifferentiation of the endoderm during development, cessation of proliferation, and an increased state of differentiation as cells rapidly migrate and exfoliate in the crypt-villus axis, changes associated with epithelial repair and responses to injury and inflammation). It is therefore likely that under circumstances in which cellular polarity is compromised, cmet receptors localize in the apical membranes of intestinal cells. Consistent with the prediction that apical c-met receptors in columnar cells which line the adult rat GI tract can be stimulated by HGF to induce physiological responses, luminally administered HGF was previously shown to increase both epithelial mass and intestinal absorption/function, in vivo [36 -38] . Moreover, the intragastric infusion of HGF in fetal rabbits dramatically reversed the diminished levels of H ϩ /K ϩ ATPase expression in the luminal membranes of parietal cells caused by esophageal ligation, a procedure which blocks the physiological ingestion of amniotic fluid [39] .
During development, HGF stimulates epithelial proliferation/motility and acts to induce morphogenesis of differentiating epithelium. In the fetal rat's intestinal epithelium, stage I of cytodifferentiation (characterized by transition from a stratified to polarized state) occurs between Day 15 and Day 17 of gestation. Both HGF and c-met are expressed in mouse intestine as early as Day 11 of gestation. Facilitated by the early coexpression of receptor and ligand, it is likely that HGF plays a role in the rapid expansion and differentiation of intestinal epithelium during development. Prior to completion of the polarization process, c-met molecules are distributed throughout enterocyte plasma membranes. Therefore, some of these receptors are exposed to luminal fluid which is in direct continuity with fluid contained within the amniotic sac. A model in which luminal HGF enhances development of the mammalian GI tract is consistent with the findings that the cytokine is present in fluids that fill the lumen both during gestation and in the neonatal period and that c-met receptors are expressed on apical membranes of epithelial cells which line the organ. Significant levels of HGF (as high as 50 -60 ng/ml) have been detected in both human and rabbit amniotic fluid [40, 41] (data not shown). The concentration of this growth factor in amniotic fluid obtained from pregnant women as early as the second trimester is well above the threshold required to stimulate cellular responses [40, 41] (data not shown). Exposure of the gut to large ingested volumes of amniotic fluid which contains HGF is enhanced once fetal swallowing begins [42, 43] . In the rat, after cytodifferentiation of intestinal cells into a polarized epithelium takes place, there is significant expression of c-met receptor molecules in the basolateral membranes. In concert with paracrine stimulation of these basolaterally located receptors, the continued stimulation of remaining luminal c-met receptors by HGF that is contained in amniotic fluid might promote further epithelial growth/differentiation of enterocytes. Recently, significant levels of HGF were identified in human milk [44] , suggesting that stimulation of epithelial development by ligand in the gut lumen may continue in the neonatal period.
The proximity of c-met and gtk in brush border membranes of rodent enterocytes is consistent with a role for the src-related kinase in HGF-stimulated cellular responses. In primary hepatocytes, which express these molecules endogenously, in MDCK cells transfected with a gtk expression vector and in NIH 3T3 cells doubly transfected with c-met and gtk expression vectors, exposure to the ligand stimulates enzymatic activity of gtk. The downstream events that are triggered by this kinase remain to be determined. p62c-yes, a related src family member, is also highly expressed on the brush border membranes of enterocytes [45] . When enzymatically activated after stimulation of c-met by HGF, both p62c-yes and gtk are likely to target substrate tyrosine residues of proteins located in the apical membranes. In microvilli, p62c-yes complexes with ezrin, an actin-binding protein. After stimulation of the c-met receptor with HGF, ezrin plays a crucial role in mediating changes of the shape and motility of polarized cells [46] . This function performed by the actin-binding protein depends on the phosphorylation of tyrosine residues which it contains. The kinase that is likely responsible for the enzymatic modulation of ezrin is p62c-yes, facilitated by the physical association between these molecules [46] . There are a growing number of known cases in which tyrosine kinases modulate cytokine-regulated brush border physiological functions. For example, inhibition of the apical Na ϩ /H ϩ exchange protein NHE3 upon binding of basolaterally located cholinergic receptors by carbachol is blocked by inhibitors of tyrosine phosphorylation.
The inhibited apical membrane tyrosine kinases which regulate NHE3 activity are not yet known. What are potential substrate molecules in brush border membranes that may be phosphorylated by gtk upon stimulation of enterocytes with HGF? In addition to ezrin, it has recently been shown that villin, an actin-binding protein which plays a crucial role in the formation of microfilament bundles in microvilli, is tyrosine phosphorylated [47] . The phosphorylation state of villin has recently been linked to its catalytic activity as an actinbundling protein [48] . The precise roles of src kinases such as gtk in regulating components of the microvillar cytoskeleton such as villin and ezrin remain to be determined.
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